We used X-ray fluorescence (XRF) scanning on Site U1338 sediments from Integrated Ocean Drilling Program Expedition 321 to measure sediment geochemical compositions at 2.5 cm resolution for the 450 m of the Site U1338 spliced sediment column. This spatial resolution is equivalent to ~2 k.y. age sampling in the 0-5 Ma section and ~1 k.y. resolution from 5 to 17 Ma. Here we report the data and describe data acquisition conditions to measure Al, Si, K, Ca, Ti, Fe, Mn, and Ba in the solid phase. We also describe a method to convert the data from volume-based raw XRF scan data to a normalized mass measurement ready for calibration by other geochemical methods. Both the raw and normalized data are reported along the Site U1338 splice.
Introduction
A primary objective of the Integrated Ocean Drilling Program (IODP) Pacific Equatorial Age Transect (PEAT) project is to produce continuous records that track the effects of climate change in the equatorial Pacific with enough detail to resolve orbitally forced climate cycles. A significant part of climate change is recorded by variability in the chemical composition of sediments, but this information typically is hard to extract at a reasonable cost.
X-ray fluorescence (XRF) scanning is potentially an economical way to extract the chemical data-it is an X-ray optical technique that can measure most major elements and some minor ones iñ 20-30 s per measurement. This method can be used to gather chemical data at vertical spacing similar to that at which physical properties data are gathered (e.g., Westerhold and Röhl, 2009 ). These chemical measurements can augment physical properties measurements to study cyclostratigraphy, and if calibrated, XRF scan data can be used to understand the long-term evolution of biogeochemical cycles. associated with long-term changes in global climate.
Site U1338 ( Fig. F1 ; 2°30.469′N, 117°58.178′W; 4200 m water depth) is on 18 Ma ocean crust buried by ~400 m of pelagic sediment (see the "Site U1338" chapter [Expedition 320/321 Scientists, 2010b] ). The sediment drapes over topography so that the ~200 m abyssal hill relief on basement is still visible despite the 400 m of sediment cover (Tominaga et al., 2011) .
Site U1338 has the characteristic variations in sedimentary calcium carbonate content that result in the common seismic stratigraphy that is found throughout the equatorial Pacific region east of Hawaii (Mayer et al., 1985 (Mayer et al., , 1986 ; see the "Site U1338" chapter [Expedition 320/321 Scientists, 2010b] ; Tominaga et al., 2011) . It has been a long-standing scientific problem to understand what forcing mechanisms and associated variations in global geochemical cycles caused the carbonate cycles that in turn caused the common seismic horizons across the equatorial Pacific. XRF scanning potentially can determine calcite contents with sufficient detail to better understand both the links between physical properties and sediment carbonate contents and why sedimentary carbonate varied throughout the eastern equatorial Pacific.
XRF studies of biogeochemically active elements Ca, Si, and Ba also can be used to understand changes in productivity and can be compared to changes in preservation to better understand changes in the carbon cycle. XRF scanning also can measure aluminosilicate elements (Al, K, and Ti) to understand dust deposition in the equatorial Pacific, whereas measurements of the redox-sensitive elements Fe and Mn can be used to study changes in the sedimentary redox environment and hydrothermal activity. Dymond (1981) shows how chemical data can be used to discern sediment processes in the eastern equatorial Pacific.
X-ray fluorescence analytical technique
X-ray fluorescence is an analytical technique that uses the characteristic fluorescence of elements exposed to high-energy X-ray illumination as a means to estimate a sample's chemical composition. Highenergy X-ray photons eject inner-shell electrons from atoms being illuminated by the X-rays (Jansen et al., 1998) . Outer shell electrons in higher energy levels then occupy these lower energy levels, releasing the excess energy as characteristic XRF for each element. The intensity of the fluorescence from a sample can be used to determine the abundance of different elements.
XRF is a volume and not a mass measurement, however. A conventional chemical analysis measures the amount of an element in a standard mass of total material; a sample with 8 wt% Fe has, for example, 8 g Fe per 100 g sample. For XRF, in contrast, the Xray source illuminates a certain volume of sediment, and the amount of X-rays returned in part depends on the mass of sediment in that volume. Low atomic weight elements emit lower energy X-rays than high atomic weight elements, and these low-energy Xrays are more easily absorbed by other elements as they pass out of the sample. For this reason, light elements have a smaller characteristic emission volume than heavy elements (Tjallingii et al., 2007) , causing problems if the sample is not homogeneous.
For unconsolidated sediments, part of the illuminated volume is occupied by pore space, so that the volume XRF return is less than that from a pure solid. Because scanning XRF is a volume measurement, there is a correlation between XRF-scan raw Xray peak areas and wet bulk density (Fig. F2) . Low wet bulk density marks samples with high porosity and low solid mass per sample, in contrast to samples with high bulk density. The volume effect most strongly affects the most abundant elements in the samples-in the case of carbonate-rich equatorial Pacific sediments, the correlation is best found with Ca.
In order to remove the volume effect, the data must be normalized before calibration. The normalization method used in this paper (normalized medianscaled sums) is described in "Data reduction methods for later calibration: normalized medianscaled method" later in this data report.
Data acquisition methods
Data in this data report were acquired at the IODP Gulf Coast Repository in College Station, Texas (USA) (odases.tamu.edu/research-facilities/xrfrequest/), using a third generation Avaatech XRF scanner with a Canberra X-PIPS SDD, model SXD 15C-150-500 150 eV resolution X-ray detector. The XRF scanner is configured to analyze split sediment core halves for elements between Al and U in the periodic table. The X-ray tube and detector apparatus is mounted on a moving track so that multiple spots at different depths can be analyzed on a split core during the scanning run and multiple scans with different settings can be automatically programmed (Richter et al., 2006) . Many parameters are controlled by the operator. For example, there are controls for X-ray tube current, voltage, measurement time (live time), X-ray filters used, and area of X-ray illumination. The downcore position step is precise to 0.1 mm.
For Site U1338 XRF scans, sample spacing along each core section was set at 2.5 cm intervals and separate scans at two voltages were used. One scan was performed at 10 kV for the elements Al, Si, S, Cl, K, Ca, Ti, Mn, and Fe, and a repeat scan was performed at 50 kV for Ba. The voltage used for elements measured is determined by the energy needed to excite the appropriate characteristic X-rays. The X-ray illumination area was set at 1.0 cm in the downcore direction and 1.2 cm in the cross-core direction, and the scan was run down the center of the split core half (6.8 cm total diameter). Both scans were done with an X-ray tube current of 2 mA. Settings used for Site U1338 10 kV XRF scans are 2 mA tube current, no filter, and a detector live time of 20 s; for the 50 kV scan the settings are 2 mA current, Cu filter, and a detector live time of 10 s.
After consultations with colleagues in Bremen, Germany, we now use lower power to preserve tube life and reduce possibility of peak overlap problems. The raw X-ray peak areas are proportional to the power applied. Figure F3A is a comparison of data from XRF scans done at the Gulf Coast Repository on Section 321-U1337A-12H-2 using two different X-ray tube currents at 10 kV. For all elements the peak area measured is proportional to the tube current multiplied by the count time. The slope for each elemental data set is near the slope of 0.375 expected from the power-time ratios between the two runs. Figure F3B is a similar comparison between two different Avaatech scanners with different detectors: the Bremen MARUM XRF3 scanner (then equipped with a Canberra SXP 5C-200-1500 V2 200 eV resolution detector) versus the Gulf Coast Repository scanner (Canberra SXD 15C-150-500 150 eV resolution detector) on the Eocene/Oligocene boundary section of Hole U1333C (Sections 320-U1333C-14H-4 and 14H-5). The raw data in this comparison are also linearly proportional to power, although different sensitivities of the SXP versus SXD X-ray detectors add an additional linear factor to the count differences. In each example, there is more variability within the light element (Al) measurement where counts are low and air absorption of the low-energy X-rays is more significant. Nevertheless, the different scanners detect a similar chemical signal.
Prior to scanning, each core section was removed from refrigeration at least 2 h before scanning and was covered ~15 min before the scanning with 4 µm thick Ultralene plastic film (SPEX Centriprep, Inc.) . Ultralene film protects the detector face from becoming sediment covered and contaminated during the scan. It is important to wait until the core sections warm to room temperature before putting the film on them. Plastic film placed over cool core sections can lead to water condensation on the film and severely reduce light element XRF peak areas by absorbing the emitted low-energy X-rays. We observed in one test a 25%-50% reduction in Ca peak area comparing a cold-run core section to the same section after it was allowed to warm and the Ultralene was replaced. The difference in measured peak area between the warm and cold core was not constant in this particular test but increased downcore on the cold core as the condensation continued to form. Also see Tjallingii et al. (2007) for a discussion of water on light element XRF intensities.
Only core sections along the continuous spliced section of Site U1338 were analyzed, not every core section recovered at the site. We XRF-scanned every archive core half in the Site U1338 splice table (see Table T24 in the "Site U1338" chapter [Expedition 320/321 Scientists, 2010b] ). If the splice transferred from one hole to the next in the middle of a section, we ran both entire sections. Therefore, most jump points in the splice have significant overlap. In a few cases where the splice was being revised (J. Dickens, pers. comm., 2011) we also scanned additional sections to help determine the best splice revision. All data gathered, including the overlaps, are included in Table T1 . Table T2 has only the data following the published Site U1338 splice (see Table T24 Table T2 contains both the raw and normalized median-scaled (NMS) reduced data, described below. in porosity or cracks. This method of data reduction has a few similarities and several differences with that of Weltje and Tjallingii (2008) . Weltje and Tjallingii (2008) normalize the peak areas first and then log transform the peak areas to reduce the range between major and minor XRF-emitters, like our median-scaling step. Finally, they solve a matrix of XRF element/element ratios for composition. The Weltje and Tjallingii (2008) approach has the advantage of being more global and developed from first principles, but it suffers from complexity and is not easily adapted. The advantage of the NMS technique is that it can be quickly implemented, and the calibration step can be used to determine if a more detailed approach is needed.
Sample scaling
Sample scaling is needed to better match the range of XRF peak area measurements to the range of chemical composition along the scan. Without scaling, normalized peak areas can be dominated by effects of one element.
For an elemental scaling S e , S e = Med% e × (PeakArea e /PeakArea e,med ),
where Med% e is the median weight percent of a sedimentary component (e.g., for Fe, we used the oxide Fe 2 O 3 , and for Ca, CaCO 3 ). PeakArea e is the measured elemental peak area in a sample, and PeakArea e,med is the median peak area over the data set. There may be errors in absolute scaling because the chemical analyses are far fewer than the XRF sampling. The raw CaCO 3 data, for example, scales from 0% tõ 120%. However, the normalizing step reduces the total range to between 0% and 100%, and the calibration step correlating the scaled data to groundtruth chemical analyses produces a linear correlation that does a final adjustment to the percentage data.
Scaling the raw peak areas was done because the production of characteristic X-rays of different elements does not scale linearly with elemental ratios in the sample. Scaling to the total summed peak area was rejected because scaling to raw peak area strongly overweights Ca in the carbonate-rich sediment column of Site U1338 and is a significant cause of nonlinearities in later calibration. Scaling to total peak area is effectively equivalent to scaling to Ca peak area, as is shown by comparing Ca proportions in the two scaling schemes. Median peak area of Ca is 95% of summed total median peak area, whereas median CaCO 3 is 76% of the summed shipboard chemical analyses. The raw peak area Ca/Si ratio is 38.5, whereas the ratio of median CaCO 3 /SiO 2 from shipboard inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analyses is 4.9. Summing to raw peak areas thus creates a burden that must be removed by the calibration step, whereas scaling to median values reduces the problem.
We scaled each element independently to a median of the compositional data from shipboard ICP-AES analyses (see the "Site U1338" chapter [Expedition 320/321 Scientists, 2010b]). Although the shipboard compositional data set is a much smaller sample set than the XRF scan data, it is appropriate for scaling as long as the compositional data set is a reasonable representation of the total range of composition. The scaling step could also be done with a generic average for the sediment type being studied if chemical data were not available. The use of a different "type" compositional analysis to scale the median value will change the ultimate NMS value and will then potentially change the slope of the calibration line to convert from NMS to calibrated percent. It is thus important to use the same scaling values within a common calibration.
Normalizing sample composition to 100%
Ideally, the sum of all sediment components should be 100% if all major elements are measured and they are properly converted to the appropriate sedimentary components (e.g., Ca is represented in the sediment by the sedimentary component CaCO 3 , not CaO). However, The XRF-scaled sum of components is often much lower than 100% near the top of the section where porosity is high and dry sample mass in the scan area is low. We used the following components for our data set: Al 2 O 3 , SiO 2 , K 2 O, CaCO 3 , TiO 2 , MnO, Fe 2 O 3 , and BaSO 4 . From the shipboard chemical analyses, these components sum to a median of 94.7 wt% and adequately represent all sediment components. In contrast, the high-porosity upper 50 m of Site U1338 has a median of 67 wt% for the raw sum of components and a range from <20% to ~100%. Clearly, the raw sum has significant noise and is affected by the sediment water content.
The normalization procedure is basic-multiply each component by 100/(raw sum) to bring the total sum of components to 100%, or NMS c = C × 100/(raw sum), where NMS c is the normalized median-scaled value for the component and C is the median-scaled value of the component.
Normalization does a good job of removing the volume versus mass XRF effect. Near the surface of the sediment column, the major cause of low sums of median-scaled data is the porosity effect. Deeper in the sediment section, however, the raw sum (and raw peak areas) are often variable because the sediment is stiffer and the core surface is cracked or sufficiently uneven that the X-ray detector assembly lands imperfectly (Fig. F4) . Normalization minimizes this high-frequency noise. Figure F4 shows the raw median-scaled CaCO 3 and the NMS CaCO 3 in a deeper section of the Site U1338 splice (Table T2) . Scaling and normalization reduced what appears to be noise in the measurement and made the total range more similar to the variability in the low-resolution CaCO 3 record (Lyle and Backman, submitted).
The scaling and normalization process in this data report provides a way to develop a quantitative estimate of sediment concentration based on XRF scans. However, one should always be aware that XRF estimates can have significant errors if the model of sediment composition used is seriously awry (e.g., that the "type" sediment composition used is significantly different from actual sediment composition). Another source of significant error can occur if the model sediment components don't match those of the sediment or if a major element found in the sediments is not included in the model. However, despite these issues, NMS data are significantly better to study the changes in sediment composition than raw XRF peak area. Raw peak area data can have even larger relative errors resulting from significant differences in porosity between sediment layers or from technical problems landing the detector on a flat sediment surface.
Example calibration of data: BaSO 4
A final step-calibration with chemical analyses of the sediments-is required in order to properly estimate chemical composition with XRF. Figure F5 illustrates the basic process with shipboard Ba data, comparing the XRF BaSO 4 estimate from the preliminary linear calibration with the shipboard measurements. The shipboard data set is not ideal for this calibration because the shipboard and XRF data were often measured on different holes but matched by the common meters composite depth used to build the splice. Nonlinear distortions of adjacent sediment columns, either by coring or local sedimentation variability, add noise to the calibration by matching samples at different sediment horizons (Hagelberg et al., 1995) . Compositional differences may actually exist between the shipboard ICP-AES and XRF NMS data that we used for the initial test calibrations. Also, we did not have a sufficient number of samples to reserve some for a test data set to determine errors. Nevertheless, the correlation between the shipboard ICP-AES data and XRF Ba data is reasonably good and will be improved by measuring more samples along the splice.
A better example calibration exists for CaCO 3 data (Lyle and Backman, submitted). Lyle and Backman use an extensive discrete CaCO 3 data set to calibrate an XRF CaCO 3 estimate. Only half of the data are used for the calibration. A reserved half of the data set is used to assess the quality of the calibration. Reserving data allowed Lyle and Backman to show that the CaCO 3 estimate agreed with the measured CaCO 3 by ±5 wt% (1 standard deviation).
Results and discussion
One of the important uses of XRF scanning is to be able to produce high-resolution data sets of chemical composition for long time spans (e.g., the 18 m.y. sediment record at Site U1338). Figure F6 shows NMS time series of CaCO 3 and SiO 2 . These two components average ~90% of the total sediment composition. Multiple intervals of low carbonate at Site U1338 are marked by tan bars on Figure F6 . One way to study the aluminosilicate signal is with an aluminosilicate element like Ti. Because of low levels of aluminosilicates in the biogenic-rich equatorial Pacific sediments, it is more appropriate to use Ti than Al, because sufficient Al can be bound to bioSiO 2 to cause an appreciable Al signal, especially at intervals in the sediment column where bio-SiO 2 was initially deposited at the seafloor but then partly dissolved during early diagenesis (Dymond et al., 1997) . Figure F7 is a plot of TiO 2 and SiO 2 NMS concentra- (Hovan, 1995) .
Conclusions
We present scanning XRF data along the splice of Site U1338 (21,000 total sample measurements, with 17,000 along the splice) and show their use to explore the history of the equatorial Pacific productivity zone. We found that we could scan the Site U1338 splice in a reasonably short amount of time, averaging a little over 1 h apiece to scan ~250 sections along the Site U1338 splice for Al, Si, K, Ca, Ti, Mn, Fe, and Ba. Raw data are a volume measurement, however, and must be scaled, normalized, and eventually calibrated to make an estimate of sediment composition. The NMS data reduction process we describe helps to make correlations between raw peak areas and measured chemical compositions more linear so that calibration is easier. To achieve good results, care must be taken to choose a sediment compositional model (median composition and type of sediment components) that is similar to the sediments under analysis. Calibration is the final step to convert XRF scan data to a compositional estimate. Ideally, sufficient numbers of samples are measured by other analytical methods that some of the data are left out of the calibration and can be used as check data.
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Papeete, Tahiti Figure F2 . Raw sum of XRF-estimated sedimentary components compared to gamma ray attenuation (GRA) bulk density along the Site U1338 splice, reported in core composite depth below seafloor (CCSF), method B (compressed), showing the correlation between wet bulk density and the sum. The correlation exists because XRF scanning is a volume measurement and fluorescent X-ray returns depend on the total mass in the volume, which is related to the wet bulk density. Figure F4 . Comparison of raw median-scaled CaCO 3 data (green) with normalized (NMS) CaCO 3 estimate (blue), and discrete low-resolution CaCO 3 (J. Backman, unpubl. data) over the interval 400-420 mcd on the Site U1338 splice, shown in core composite depth below seafloor (CCSF), method A (overlapping). Raw data are significantly more variable because it is more difficult to land the XRF detector perfectly on the cracked and uneven surface of stiffer sediments. Normalizing the sum of components to 100% significantly removes the amount of sample-to-sample variability. Figure F6 . Comparison of uncalibrated normalized (NMS) CaCO 3 % (red) and SiO 2 % (blue) along the Site U1338 splice. Tan bands highlight prominent CaCO 3 lows/SiO 2 highs. Much of the SiO 2 at Site U1338 is biogenic, so these represent either high bio-Si production and burial or high CaCO 3 dissolution. Higher resolution periodicity is apparent in the records and will be used for tuning sedimentation rates and to understand how the biogenic components respond to orbital forcing. Figure F7 . Comparison of uncalibrated normalized (NMS) TiO 2 % (brown) and SiO 2 % (blue) to discern clay (aluminosilicate) vs. biogenic contributions to the SiO 2 signal. Blue bands mark high biogenic-SiO 2 , determined when the SiO 2 is at a maximum but aluminosilicate elements like TiO 2 disappear. The brown band at the top of the sediment section is an area with moderate SiO 2 but relatively high amounts of TiO 2 , representing elevated aluminosilicates compared to the rest of the core. TiO 2 probably increases because of additional dissolution of bio-SiO 2 as sedimentation rates slow. Table T1 . Raw XRF scan peak area data for all scans on Site U1338, unspliced.
Overlaps of sections where the splice jumps to a different hole are shaded (tan = overlapping sections in splice, green = splice join). Al, Si, K, Ca, Ti, Mn, and Fe are from the 10 kV scan; Ba is from the 50 kV scan. Only a portion of this 
